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Environmental dissemination of antimicrobial-resistant Escherichia coli is a major One Health
challenge in Bangladesh. This study assessed the occurrence of third-generation cephalosporin and
carbapenem-resistant E. coli across key environmental interfaces in Mymensingh. In May 2022, 28
water samples were collected from hospital wastewater, livestock effluents, aquaculture ponds, and
the Khiro River. Samples were processed via the WHO Tricycle protocol, with 26 isolates undergoing
whole-genome sequencing. Third-generation cephalosporin-resistantE. coliwere detected in 86%of
samples, while carbapenem-resistant isolates (18%) were found exclusively in hospital and river
samples. Highest ESBL-producing E. coli concentrations occurred in hospital and poultry wastewater
(mean6.9–7.1 log10CFU/ml). Sequencing identified93 resistancegenes, dominatedbyblaCTX-M-15
(79%), tet(A) (75%), aadA1 (54%), qnrS1 (50%), and mph(A) (50%). Carbapenem resistance was
associated with blaNDM-5 in hospital and river isolates. While most isolates showed niche-specific
clustering in our Phylogenetic analysis, highly conserved core-genome profiles (0 SNPs) between
hospital anddownstream river isolates (ST2363/ST410) providedstronggenomic evidenceconsistent
with effluent-mediated dissemination. These findings highlight the role of wastewater and livestock
systems in AMR transmission, underscoring the urgent need for integrated One Health surveillance
and improved waste management in Bangladesh.

Antimicrobial resistance (AMR) is a global public health threat with sig-
nificant implications for human and animal health1.Of particular concern is
the emergence of resistance to critically important antibiotics, including
third-generation cephalosporins and carbapenems, which limits treatment
options for severe infections.2. These antibiotics are often used as last-resort

treatments for serious infections, and the development of resistance severely
limits therapeutic options, leading to increased risk of treatment failure and
mortality3,4.

Environmental compartments are increasingly recognized as key
reservoirs and transmission pathways for antimicrobial resistance (AMR).
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Resistant bacteria and antibiotic resistance genes (ARGs) can be released
into the environment through various pathways, including wastewater
discharge from hospitals, farms, and households, as well as through the
improper disposal of animal waste and agricultural runoff 5. Once released
into soil, water, or sediments, resistant bacteria can persist and accumulate
in the environment, while their resistance genes can disseminate through
microbial communities via horizontal gene transfer. Contaminated envir-
onmental reservoirs may subsequently contribute to human and animal
exposures, amplifying the AMR burden across ecosystems6.

Bangladesh facesmultipleAMRrisk factors, including high population
density, intensive livestock production, widespread antimicrobial use
(AMU) in human and animal health, and inadequate wastewater
treatment7,8. A 2019 Lancet report estimated that approximately 98,800
deaths in Bangladesh were associated with AMR9. The close interactions
between humans, livestock, and aquatic environments, coupled with
inadequate wastemanagement and sanitation infrastructure, create an ideal
setting for the emergence and spread of resistant bacteria. Several studies
have detectedmultidrug-resistant E. coli across rivers, ponds, tap water, and
householdwater, underscoring extensive environmental contamination10,11.
Furthermore, a study revealed that 26% of municipal tap water samples in
Dhaka harbored ESBL-producing E. coli12. Evidence of strain sharing and
dissemination is also emerging, with studies tracking the environmental
spread of New Delhi metallo-β-lactamase-1 (NDM-1)-producing
multidrug-resistant bacteria in Dhaka13 and investigating the genomic
diversityofESBL-producing andcarbapenem-resistantE. coli to understand
transmission in urban and rural communities14. However, most studies
examine isolated environmental niches, and few adopt an integrated One
Health design that simultaneously assesses hospital, livestock, aquaculture,
and river systems. Therefore, this study aimed to (i) quantify third-
generation cephalosporin- and carbapenem-resistant E. coli across linked
environmental sources, and (ii) characterize their resistance genes and
phylogenetic relationships to explore potential dissemination pathways.

Results
Antimicrobial resistance in E. coli Isolates
All 28 environmental samples yielded E. coli growth on TBX agar. Overall,
24/28 samples (86%) were positive for third-generation cephalosporin-
resistant E. coli, while 5/28 samples (18%) contained carbapenem-resistant
E. coli (CRE). CRE were detected only in hospital wastewater (4/6 isolates)
and river samples (one downstream isolate). Sampling sites, locations, and
types are summarized in Table 1 and Fig. 1.

Total E. coli levels varied significantly across environmental com-
partments (p = 0.002), with the highest concentrations observed in poultry
wastewater and hospital effluent (mean 7.7 and 7.9 log₁₀ CFU/100mL,
respectively), as shown in Fig. 2. Cattle farms showed moderately elevated
levels (7.0 log₁₀ CFU/100mL), while aquaculture ponds exhibited sub-
stantially lower counts (3.3 log₁₀ CFU/100mL). River samples showed
intermediate contamination (5.6 log₁₀ CFU/100mL). Concentrations of
ESBL-producingE. coli showed highly significant variation between sources
(p < 0.001). Hospital and poultry wastewater had the highest ESBL counts
(mean 6.9–7.1 log₁₀ CFU/100mL), followed by cattle farm effluents (mean
5.5 log₁₀ CFU/100mL). River samples had moderate counts (4.6 log₁₀
CFU/100mL), while aquaculture ponds had the lowest levels (1.2 log₁₀

CFU/100mL). Although carbapenem-resistant E. coli were less frequent,
their distribution across sites was statistically significant (p = 0.007), with
detection limited to hospital and river samples. The highest levels were
found in hospital wastewater (3.7 log₁₀ CFU/100mL), with low-level
detection in downstream river water (0.5 log₁₀ CFU/100mL). CRE were
absent from all livestock and aquaculture samples. Kruskal–Wallis tests
confirmed significant differences across sampling sources for total E. coli
(p = 0.002) and ESBL-producing E. coli (p = 0.0003). Significant variation
was also observed for carbapenem-resistant E. coli (p = 0.0074), driven by
their detection in hospital and river samples.

Phenotypic resistance patterns among the ESBL-producing E. coli
isolates (n = 28) are summarized in Table 2. Near universal 100% resistance
was observed to third-generation cephalosporins and the monobactam
aztreonam. High levels of resistance were also observed for tetracycline,
ranging from 67 to 100% across most environments, while azithromycin
resistance was most pronounced in cattle farm wastewater (83%). Fluor-
oquinolone resistance (ciprofloxacin and nalidixic acid) was detected in
50–67% of isolates from hospital, cattle, and poultry wastewater.
Trimethoprim–sulfamethoxazole resistancewas particularly high inpoultry
wastewater (83%). No resistance to nitrofurantoin was detected in any
ESBL-producing isolates. Gentamicin resistance was observed mainly in
hospital (33%), poultry (17%), and cattle (17%) samples, whereas Cefoxitin
resistance was restricted to the clinical sector, with half (50%) of the hospital
isolates exhibiting a resistant phenotype. The two aquaculture pond isolates
exhibited noticeably lower resistance across most antibiotic classes com-
pared with isolates from other environmental sources.

Among thefiveCRE isolates identified, the hospitalwastewater isolates
(n = 4) demonstrated 100% resistance to gentamicin, nalidixic acid, mer-
openem, azithromycin, and ceftriaxone, and 75% (3/4)were also resistant to
ciprofloxacin.The singledownstreamriverCRE isolate showed resistance to
most antibiotics, including ampicillin, ceftriaxone, ciprofloxacin, nalidixic
acid, azithromycin, trimethoprim–sulfamethoxazole, and chloramphenicol.
However, this isolatewas sensitive to gentamicin andnitrofurantoin.Allfive
CRE isolates exhibited reducedsusceptibility or resistance toboth imipenem
and meropenem, consistent with their carbapenem-resistant phenotype.

Whole-genome sequencing analysis
Of the 26 sequenced isolates, 19 were ESBL-E. coli, five were CRE, and two
(isolates 205C1 and 206C1 from aquaculture ponds) were non-ESBL-E. coli
isolates. This selection ensured representation of all sample types and
resistance phenotypes observed in the study.

Across all 26 genomes, 93 antimicrobial resistance geneswere detected.
A wide range of antibiotic resistance genes were identified across various
environments (Fig. 3). Hospitals harbored a high diversity of resistance
genes, including the ESBL blaCTX-M-15; the AmpC beta-lactamases
blaCMYand blaDHA-1; carbapenemases such as blaNDM-5 and blaOXA-
181; and other beta-lactamase variants including blaTEM, blaOXA-1,
blaOXA-10, and blaOXA-9. Other environments, however, primarily
contained blaCTX-M-15, along with occasional occurrences of blaTEM,
blaCMY, or blaNDM-5. Notably, the blaCTX-M family, particularly blaCTX-
M-15, was themost prevalent, detected in all sampling locations. Conversely,
blaCMY was prevalent in hospitals and rivers, while blaTEM was found in all
environments except rivers. The concerning blaNDM-5 gene, known for

Table 1 | Types of samples collected and the collection site

Site Sample type (N) Sample collection site Collection amount

Hospital Sewage wastewater (3) Sewage outlet 400mL sewage wastewater (early morning, when flow was consistent).

Poultry farm Wastewater effluent (3) Effluent outlet 500mL wastewater from effluent outlets post-cleaning

Cattle farm Wastewater effluent (3) Effluent outlet 500mL wastewater from effluent outlets post-cleaning

Aquaculture farms Pond water (3) Three different sites of the pond Composite pond water (150–200mL from 5–6 sites, mixed to 400mL).

River Khiro Water samples (2) Upstream and downstream 30 cm below the surface at upstream/downstream sites.
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conferring broad resistance, was identified in three hospital E. coli isolates
and one river isolate. Virulence genes associated with adhesion (e.g., fyuA,
papC) and toxin production (e.g., astA, ltcA) were also identified in some
isolates. Further details of the genomes are provided in Supplementary
Tables 1–4.

Heatmap analysis
Heatmap analysis showed distinct clustering patterns according to
source category. Hospital-derived isolates exhibited the highest density

and diversity of AMR genes, forming a tightly grouped cluster. Poultry
and cattle isolates formed separate clusters dominated by blaCTX-M,
tetracycline resistance genes, and various aminoglycoside resistance
determinants. River isolates were heterogeneous. The downstream river
isolate clustered closely with several hospital wastewater isolates due to
the presence of blaNDM-5, multiple blaCMY variants, and shared
plasmid-associated resistance genes. Upstream river isolates showed
fewer resistance determinants. Virulence gene clustering demonstrated
broader distribution across sample types but was most enriched in cattle
and hospital isolates (Supplementary Table 4). Heatmap results are
presented in Fig. 4.

Phylogenetic analysis
The core-genome SNP phylogeny (Fig. 5) revealed distinct genomic clus-
tering primarily associated with sampling sources. Most poultry isolates
(e.g., 201K1 and 204K2) grouped together, as did the cattle isolates
belonging to ST4981 (e.g., 401K1 and 405K2), indicating genetic similarity
within specific agricultural production systems.Hospitalwastewater isolates
exhibited greater genetic diversity, formingmultiple clusters across different
phylogroups. Importantly, a high-resolution linkage was identified between
hospital wastewater isolate 102K1 (ST2363) and the downstream river
isolate 501K1 (ST410). Through plasmid analysis, it was found that both
isolate carrying the blaNDM-5 carbapenemase gene; however, while the
hospital isolate (102K1) harbored an IncX3 replicon, the river isolate
(501K1) carried a multireplicon profile including IncF-type and IncI1
plasmids. Aquaculture isolates (e.g., 301K1) formed a distinct branch,
consistent with their lower AMR gene burden and phenotypic resistance
levels.

Fig. 2 | The distribution of the mean count of E.coli in water samples collected
from various sources. Data were presented as mean log10 CFU/100 mL. Error bars
represent standard deviation.

Fig. 1 | Geographical location of sampling points within Bhaluka Upazila of Bangladesh. Sites include hospitals, poultry and cattle farms, aquaculture ponds, and the
Khiro River system.
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Core-genome SNP analysis identified a high-resolution linkage
between hospital wastewater isolates (102K1, 106K1) and the downstream
river isolate (501K1). While assigned to closely related sequence types
(ST2363 and ST410, respectively) due to a single allelic variation in the recA
gene, these isolates exhibited 0-SNP divergence across the shared core-
genome alignment. This provides strong genomic evidence consistent with
clonal dissemination along the hospital-river axis.

Plasmid profiling and resistance gene mobility
Plasmid profiling identified a diverse array of replicons (IncF, IncI1, IncN,
and IncX) across all sectors (Supplementary Table 5). Notably, blaNDM-5
was physically linked to IncX3 in hospital isolates 102K1 (NODE_43) and
106K1 (NODE_40). Conversely, the downstream river isolate 501K1

harbored blaNDM-5 on a different IncF/IncI1 multireplicon platform
(NODE_25; 81.8 kb).

blaCTX-M-15 was frequently co-located with IncF-type replicons
across the interface. Source-specific associations included IncN, IncHI2, and
IncFII in cattle (ST4981), IncI1 and IncFIB in poultry, and IncFII/IncFIB
variants in aquaculture isolates.

Discussion
This study provides an integrated assessment of third-generation cepha-
losporin- and carbapenem-resistant E. coli across hospitals, livestock farms,
aquaculture ponds, and a river system within a shared landscape in Ban-
gladesh. The detection of ESBL-producing E. coli in 86% of samples and
carbapenem-resistant E. coli in hospital and downstream river water
demonstrates substantial environmental contamination with resistant
organismsacrossmultiple sectors. The consistently highESBL-E. coli counts
in hospital, poultry, and cattle wastewater reflect themarked bacterial loads
and the widespread use of antimicrobials in these settings. In contrast,
aquaculture ponds showed low levels of both total E. coli and resistant
strains, consistent with lower antimicrobial inputs in these systems15.

In contrast, carbapenem resistance was less frequent, confined to
hospital wastewater and riverwater. This aligns with the limited use of these
antibiotics in livestock and aquatic farms in Bangladesh16,17. Genomic
analysis revealed blaNDMas the sole carbapenemase gene, detected in 60%
of carbapenem-resistant isolates, while blaIMP, blaVIM, blaKPC, and
blaOXA-48 were absent. The detection of blaNDM in both hospital and
river isolates suggests dissemination fromhealthcare facilities into thewider
environment, raising concern given the clinical importance of NDM pro-
ducers and their potential to limit last-resort treatment options.

Whole-genome sequencing confirmed a diverse array of AMR genes,
including blaCTX-M-15, tet(A), aadA1, qnrS1, and mph(A). The frequent
detection of these genes aligns closely with known antimicrobial resistance
patterns and use patterns in Bangladesh8,18,19. In hospitals, third-generation
cephalosporins are heavily prescribed, which corresponds with the pre-
valence of blaCTX-M-15. Similarly, the common use of macrolides and
fluoroquinolones in both hospitals and poultry production likely con-
tributes to the presence of mph(A) and qnrS1, respectively. This confirms
the direct link between antimicrobial use in specific sectors and the genetic
profiles observed in the environment. The results also align with other
studies in Bangladesh and other LMIC countries20–22.

Phylogenetic analysis demonstrated source-specific clustering, sug-
gesting localized persistence of strains. However, the detection of blaNDM-
5 across sectors, carried by diverse plasmid replicons such as IncX3 (hos-
pital) and IncF/IncI1 (river), underscores the complexity of environmental
AMR transmission. The near-identity of isolates across different environ-
mental compartments is highlighted by the 0-SNP distance between hos-
pital and riverine E. coli. Although these isolates were partitioned into
ST2363 and ST410 based on a single SNP in the recA locus, their overall
genomic backbone suggests a very recent common ancestry. This supports
the positioning of hospital effluent as a significant point source for AMR
contamination in the local aquatic ecosystem, aligning with local studies,
though we frame this as a high-resolution snapshot rather than a definitive
transmission chain23,24. Furthermore, the distinct plasmid profiles in live-
stock, specifically the prevalence of IncN in cattle, highlight a separate
agricultural resistome.Thesefindings suggest thatwhile clonal spreaddrives
clinical-aquatic dissemination, horizontal gene transfer mediated by broad-
host-range plasmids facilitates persistence in agricultural niches. This dual
mechanism underscores the complexity of AMR transmission across the
“One Health” interface in Bangladesh.

Furthermore, by linkingAMRinhospitals, farms, anda river, our study
provides a clear basis for cross-sectoral policy. The high AMR levels in
hospital effluent emphasize the need for upgraded wastewater treatment
protocols. In the animal health sector, our findings support the Bangladesh
government’s existing efforts to reduce antibiotic use in food-producing
animals.Moreover, the presence ofAMR in riverwater highlights the risk to
both human and animal populations who rely on this water source.

Table 2 | Resistance pattern (% of resistance among selected
antimicrobials) of ESBL samples (N number of samples)

Antibiotic Hospital
(N = 6)

Cattle
(N = 6)

Poultry
(N = 6)

Fisheries
Pond
(N = 6)

River
(N = 4)

Aztreonam 100% 50% 100% 100% 100%

Ampicillin 100% 100% 100% 100% 100%

Gentamicin 33% 17% 17% 0% 0%

Ertapenem 33% 0% 0% 0% 25%

Meropenem 17% 0% 0% 0% 0%

Imipenem 17% 0% 0% 0% 0%

Ceftriaxone 100% 100% 100% 100% 100%

Cefotaxime 100% 100% 100% 100% 100%

Ceftazidime 67% 33% 17% 0% 75%

Cefixime 100% 100% 100% 100% 100%

Cefepime 67% 50% 67% 50% 100%

Ciprofloxacin 50% 50% 50% 0% 25%

Nalidixic acid 67% 50% 67% 0% 25%

Cefoxitin 50% 0% 0% 0% 25%

Sulfamethoxazole &
Trimethoprim

33% 67% 83% 0% 25%

Nitrofurantoin 0% 0% 0% 0% 0%

Mecillinam 17% 0% 0% 0% 0%

Piperacillin &
Tazobactam

50% 0% 0% 0% 0%

Chloramphenicol 0% 17% 67% 0% 0%

Azithromycin 67% 83% 33% 0% 0%

Tetracycline 67% 100% 83% 50% 50%

Fig. 3 | Distribution of antimicrobial resistance genes (ARGs) across different
water sources. Genes are arranged in descending order of prevalence across the
26 sequenced isolates.
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This study adds important environmental data to the broader under-
standing of AMR circulation in Bangladesh. By sampling multiple inter-
connected compartments using a One Health framework, we demonstrate
how antimicrobial use and wastewater management practices shape the
environmental distribution of resistant bacteria and genes. A comparison of

our findings with data from the Mymensingh Medical College Hospital
confirms that resistance levels in ourhospitalwastewater samples for certain
drugs were higher than those in clinical isolates25. These findings highlight
the need for improved wastewater treatment in healthcare facilities,
strengthened antimicrobial stewardship in livestock production, and

Fig. 5 | Core-genome SNP-based phylogenetic tree of 26 E. coli isolates. The
maximum-likelihood tree was constructed using a core SNP alignment of all 26
sequenced isolates against the E. coli K-12 MG1655 reference genome. Branch

support was assessed with 1000 bootstrap replicates. Isolates are labeled by their
unique ID (e.g., 102K1 and 501K1) and colored by sampling source: Hospital (Red),
poultry (Green), cattle (Blue), river (Purple), and fisheries (Gold).

Fig. 4 | Heatmap showing the distribution of
resistance and virulence genes. Hierarchical clus-
tering illustrates the grouping of isolates based on
their genetic profiles.

https://doi.org/10.1038/s44259-026-00202-x Article

npj Antimicrobials & Resistance |            (2026) 4:27 5

www.nature.com/npjamar


expanded environmental AMR surveillance to monitor dissemination
pathways. Beyond technical interventions, there is a clear necessity for
targeted awareness programs to bridge existing knowledge gaps among key
stakeholders, including doctors, nurses, and farmers, concerning the
environmental dimensions of resistance and the critical role of prudent
antimicrobial stewardship26.

Several limitations should be noted. The study used a purposive
sampling design with a relatively small sample size, which may limit
generalizability. Sampling was restricted to a single month and did not
capture potential seasonal variation. Only E. coli was investigated, and
other relevant organisms may exhibit different patterns. Antibiotic
concentrations in environmental sampleswere notmeasured, preventing
linkage of resistance profiles to specific antimicrobial residues. Despite
these limitations, this study represents a high-resolution genomic
snapshot of the environmental distribution of resistant E. coli. While it
identifies clear potential pathways, further longitudinal analysis is
required to characterize the long-term transmission dynamics at these
human–animal–environment interfaces.

In conclusion, this study demonstrates widespread environmental
contamination with ESBL-producing E. coli and carbapenem-resistant E.
coli across clinical, aquatic, and livestock sectors in Mymensingh, Bangla-
desh. While the detection of blaNDM-5 on diverse plasmid replicons, such
as IncX3 in hospital wastewater and IncF/IncI1 in river water, underscores
the complexity of environmental AMR transmission, core-genome SNP
analysis revealed highly conserved genomic profiles (0-SNP divergence)
betweenhospital anddownstreamriver isolates (ST2363/ST410). This high-
resolution linkage provides strong genomic evidence consistent with clonal,
effluent-associateddisseminationwithin the local ecosystem.Thesefindings
emphasize the urgent need for strengthened wastewater treatment in
healthcare facilities, prudent antimicrobial use in livestock, and integrated
One Health surveillance to contain the spread of “superbugs.” Such mea-
sures are essential to support the implementation of Bangladesh’s National
Strategy and Action Plan on AMR (2023–2028).

Methods
Study design and study site
Weconducted a cross-sectional environmental sampling study inMay 2022
in Bhaluka Upazila, Mymensingh District, Bangladesh. This semi-urban
area (~308,758 population; 444.05 km²) was selected because it contains
clustered hospitals, commercial poultry and cattle farms, aquaculture
ponds, and a river systemwithin the same ecological landscape, enabling an
integrated One Health assessment. The proximity of these sites to an AMR
sentinel hospital also facilitated comparison with human AMR data. Hos-
pitalswere selecteddue to their highantibiotic consumptionandpotential to
discharge resistant organisms into wastewater. Poultry, cattle, and aqua-
culture farms were chosen as major food production systems with known
antibiotic use.Twopoints along theKhiroRiver (upstreamanddownstream
of hospital discharge points) were sampled to assess potential dissemination
into the aquatic environment.

Sampling size, sample site, and sample collection
Apurposive sampling approachwas used to collect 28 environmental water
samples from selected sites in BhalukaUpazila, based on logistical feasibility
and findings from an initial pilot survey that informed site selection. The
study included three hospitals, three poultry farms, three cattle farms, and
three aquaculture farms, each of which was sampled twice, 2 weeks apart,
with approval from local authorities and farmowners. In addition, theKhiro
River was sampled at two locations, 1.6 km apart, upstream and down-
stream, to capture the potential influence of hospital effluent entering the
river system, and both sites were sampled twice. All samples were collected
using sterile procedures, transported in insulated cool boxes, and processed
within 6 h of collection. GPS coordinates, sampling time, and basic water
characteristics (appearance, odor, and turbidity) were recorded for each
sampling event. Table 1 summarizes the sample types collected, and Fig. 1
illustrates the geographic distribution of all sampling sites.

Bacterial isolation and identification
Samples were processed following the WHO Tricycle ESBL Surveillance
Protocol (WHO, 2021). For each sample, three 10mL subsamples were
vacuum-filtered through 0.45 μm cellulose nitrate membranes (Millipore).
Filterswereplacedonto (i)TryptoneBileX-glucuronide (TBX) agar for total
E. coli counts, (ii) CHROMagar™ ESBL (CHROMagar, France) for ESBL-
producing E. coli, and (iii) CHROMagar™mSuperCARBA for carbapenem-
resistant E. coli.

For the samples having a high number of colonies, a tenfold serial
dilution was done using sterile distilled water to get a countable number of
colonies in a culture plate. Plates were incubated at 37 °C for 18–24 h. Blue/
blue-green colonies onTBX and pink,mauve or pink to reddish colonies on
chromogenic media were counted. From each plate type per sample, 1–2
morphologically distinct colonies presumed to be E. coli were sub-cultured
and confirmed biochemically using a commercially available API-20E kit
(bioMerieux, France), as described previously27. Confirmed isolates were
stored at −70 °C in glycerol stocks.

Antimicrobial susceptibility testing
We determined the antibiotic susceptibility profile of E. coli isolates (one
isolate from each type of plate) against 21 clinically important antibiotics
from 11 classes of antibiotics following CLSI guidelines28. The antibiotics
used in this studywere ampicillin (10mg),mecillinam(25mg), piperacillin-
tazobactam (110mg), cefepime (30mg), cefotaxime (30mg), ceftriaxone
(30mg), cefoxitin (30mg), ceftazidime (30mg), cefixime (5mg), aztreonam
(30mg), ertepenem (10mg), imipenem (10mg), meropenem (10mg),
gentamicin (10mg), tetracycline (30mg), ciprofloxacin (5mg), nalidixic
acid (30mg), trimethoprim–sulfamethoxazole (25mg), chloramphenicol
(30mg), nitrofurantoin (F300 mg). Zone diameters were interpreted using
CLSI breakpoints. E. coli ATCC 25922 served as the quality control strain.

Whole-genome sequencing and bioinformatic analysis
A total of 26 isolates were selected for whole-genome sequencing to
represent the diversity of sample types and phenotypes (19 ESBL-Ec, five
CRE, and two non-ESBL aquatic isolates: 205C1 and 206C1). Genomic
DNA was extracted using the Maxwell culture DNA extraction kit and
Maxwell automated nucleic acid extraction system following the manu-
facturer’s instructions, and sequencing libraries were prepared with the
Nextera XT kit. Paired-end sequencing (2 × 150 bp) was performed on the
Illumina NextSeq500 platform. Raw sequencing reads were assessed for
quality using FastQC v0.11.4. High-quality reads were assembled de novo
using SPAdes v3.13.0 using default parameters29. AMR genes were detected
usingABRicate v1.0.1with theResFinder v4.1 database, applying thresholds
of ≥90% identity and ≥90% coverage30–32. Plasmid replicons were char-
acterized using PlasmidFinder 2.1 (Enterobacterales database).

To visualize the distribution of antimicrobial resistance genes (ARGs)
across different sampling sectors, a heatmap was generated using the
pheatmap (v1.0.12) package in R (v4.1.3)33. The presence (1) or absence (0)
of ARGs, as identified by ResFinder, was used to create a binary matrix. A
core-genome single-nucleotide polymorphism (SNP) phylogeny was con-
structed to investigate the genetic relatedness and potential clonality of the
E. coli isolates. Whole-genome sequences were aligned to a reference E. coli
genome (e.g., E. coli K-12 MG1655) using Snippy v4.6.0 to identify high-
quality variants34. A pairwise SNPdistancematrix was generated using snp-
dists (v0.8.2). A core SNP alignment was generated using snippy-core, and
low-quality or closely spaced SNPs were filtered to reduce noise. A
maximum-likelihood phylogenetic tree was then inferred from the core
SNP alignment using IQ-TREE v2.1.2 with 1000 bootstrap replicates to
assess branch support35. All 26 sequenced isolates, including those from
aquaculture and river systems,were taxonomically confirmed asEscherichia
coli using Kraken2 and ribosomal MLST (rMLST).

Statistical data analysis
Descriptive statisticswere computed in STATAv17.CFUcountswere log₁₀-
transformed and summarizedbymean and standard deviation. Proportions
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of ESBL-Ecoli and CRE positivity were calculated per sample type. Differ-
ences in CFU levels between environmental sources were assessed using
non-parametric tests (Kruskal–Wallis). Significance was defined as a p
value <0.05.

Ethical considerations
No human or animal subjects were involved in this study; only environ-
mental samples were collected. Administrative approval was obtained from
the relevant government authorities.

Data availability
All genome sequence data are available under BioProject PRJNA1372464.
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